A computational fluid dynamics model on a joule-heated glass melter, which is used for the vitrification process of high-level liquid waste, has been developed to simulate the operation of actual melters. Electric field simulation is coupled with the thermal and flow field calculation to investigate the effects of the joule-heating on the buoyancy-driven flow of the molten glass. The melter is operated in a cyclic sequence including a bottom-heating phase, a drain phase and a bottom-cooling phase. In order to estimate the transient behavior of actual melters, unsteady simulations for several tens hours are necessary. It is found that there is non-uniformity of the heating at the bottom of the melter during bottom-heating phases. It is generated by the asymmetrical electric current distribution due to the arrangement of the electrodes. The temperature distribution at the bottom, however, is kept almost symmetrically due to the mixing effect by natural convection of the glass. Computational results are compared with experimental data obtained by actual operations of a prototype melter. The temperature distribution and electric resistances between electrodes predicted by the simulations indicate that the characteristics of the simulated melter show good agreements with the actual melter.
Introduction
High-level radioactive liquid waste (HLW) generated by the nuclear fuel cycle is immobilized using glass melters. Although it is important to predict the performance of the melter to control the quality of the vitrification, operational data obtained from actual melters are quite limited due to its high-temperature and radioactive environment. Therefore, numerical analyses, which can provide more information on the characteristics of the melters, play an important role in R&D of the vitrification process.
Computational fluid dynamics (CFD) has been applied to various industrial glass furnaces for last two decades. Substantial progress has been made in developing of numerical models for each component of the furnace, such as the molten glass flow, combustion space and batch layer (1) (2) . While radiation heat transfer from the combustion space is mainly used to melt the glass raw material in such melters, joule-heating is the dominant energy source in our HLW glass melters. Since the electric, thermal and flow field are strongly influenced each other, it is necessary to solve them simultaneously to simulate the behavior of the melter.
Joule-heated HLW melters have been also investigated using a two-dimensional model or a three-dimensional model only for the molten glass (3) (4) . However, it is necessary to apply three-dimensional models including structural materials to define the proper boundary conditions and to clarify the actual structure of the electric and flow pattern in the melter. In the present study, CFD coupled with the electric field analysis has been applied to a joule-heated HLW glass melter with a three-dimensional model to simulate the behavior of the molten glass including its electric potential, temperature and velocity. The melting characteristics are discussed considering the interaction between each field in the melter. Besides, the computational results are compared with the experimental data to estimate the accuracy of the numerical model. 
Nomenclature

HLW Glass Melter
Figure 1 describes a schematic of the HLW glass melter. The liquid waste and the glass material (beads) are supplied from the upper port into the melting space, and poured into a metal canister from the drain nozzle at the bottom after melting and mixing inside the melter. Heating energy to melt the glass is supplied by joule-heating generated by the electric current between three electrodes installed on the walls of the melting space. There are two main electrodes, which are located on the opposing side-walls, and one bottom electrode, as shown in Fig.1 . An electric circuit to heat the glass in the bottom region is formed between the right main electrode and the bottom electrode along the operational sequence, in addition to the main circuit between two main electrodes. Since the viscosity of the glass decreases by the joule-heating, the molten glass flows in the melting space and transfer the energy to the walls and the glass surface.
Instead of the actual radioactive waste, simulated wastes, which have similar properties to the actual waste, are frequently used for operation tests of prototype melters. High-simulated waste (HSW) contains various oxides same as HLW excluding radioactive elements, while low-simulated waste (LSW) does not contain the oxides of platinum group metals, which are hardly soluble into the glass (5) (6) . In the present study, numerical simulations have been carried out under the conditions of HSW and LSW operations to compare with the experimental results of prototype melter operations.
Numerical Method
Numerical Model
A numerical model used in this study is shown in Fig. 2 . The model consists of a glass melting space of rectangular-pyramid shape, an upper plenum space through which generated gas from the melting process is discharged, insulating refractory surrounding the melting space, heaters and electrodes. Analytical boundaries are defined on the outside walls of the refractory covered with metal shells.
Operational Conditions
The glass melter is operated along a cyclic sequence that consists of a bottom-heating phase by the electric current between the main and the bottom electrode, a drain phase, in which heated molten glass is discharged from the drain nozzle, and a bottom-cooling phase. Besides, a bottom cooling phase is divided into two steps, a forced cooling and a natural cooling. During a forced cooling step, cooling air is supplied to the inside cooling channel of the bottom electrode to decrease the electrode temperature immediately, and a natural cooling phase follows without any special operations. Typical patterns of the bottom electrode temperature and the flow rate of the glass drain during one batch are shown in Fig.  3 . The bottom electrode temperature arises by the bottom heating and the drain of hot molten glass, then drops sharply due to the forced bottom cooling and rebounds during the natural cooling step, in which the cooled electrode is heated again by the surrounding hot refractory. The electric current between two main electrodes is kept constant through the batches. Upper heaters, which supply additional power to melt the glass materials, are also operated statically during the batches only when joule-heating is insufficient. In order to achieve a cyclic stable batch numerically, unsteady calculations with identical conditions for several batches were carried out.
Major operational conditions for HSW are summarized in Table 1 . 
Basic Equations
The commercial CFD code, Fluent Ver. 6.2 was used in this study. Basic conservation equations can be described as below: Mass 
Buoyancy forces are considered based on Boussinesq approximation, which is valid for the molten glass between 700 and 1200℃ with at most 2.5 % error compared with the buoyancy force based on its density variation. The molten glass is treated as an incompressible Newtonian fluid (6) .
Electric potential are assumed to be static because the frequency of the actual AC power supply is much larger than that of the unsteady flow field calculation. The effective electric power was kept identical to the experimental data. The heat generation density of joule-heating is defined as following:
Properties of Molten Glass
The properties of the molten glass, especially its viscosity and electrical conductivity, are quite important for this simulation. Figure 4 shows the viscosity and the electrical conductivity of LSW and HSW glass (containing 1.3 wt. % platinum group metals) used in this study. Both of them show the strong dependency on the temperature. In the low temperature region, the glass becomes almost electric insulator due to its low electrical conductivity. Also, the mobility of the glass is significantly low because of its high viscosity. As the temperature arises, the joule-heating density is intensified with the increase of the electric current passing the glass due to the increase of the electrical conductivity. Since the intensification of the joule-heating results in further arising of the temperature, the melting and convection of the glass are accelerated. The viscosity of HSW glass are higher than those of LSW glass due to the oxides of platinum group metals contained only in HSW, while the electric conductivities of both the glasses are relatively close each other under this condition.
Boundary Conditions
Mass Equation
The melting space is surrounded by rigid walls (including upper glass surface) except for the drain nozzle exit, which is an outflow boundary. Although glass beads are supplied continuously in actual operations, the mass source of the molten glass is given at the upper surface only during drain phases in the simulation because of the rigid glass surface. The mass source is kept at the flow rate of the drain of the actual melter. Therefore, glass is discharged through the drain nozzle exit during drain phases at the specified flow rate. 
Fig.4 Properties of molten glass
Momentum Equation
The velocity boundaries on the walls surrounding the melting space are defined as non-slip conditions. Also, the velocity is zero on the boundary surface between the glass and the upper plenum space because there is a melting solid material layer on the liquid surface in the melter.
Energy Equation
The heat transfer conditions of the outside walls are given based on the empirical equation of natural convection heat transfer as below:
Electric Potential Equation
The electric potential is solved only inside of the glass melting space. Thus, the electric potentials (voltages) as the boundary conditions are specified on the surface of each electrode. On the other walls of the melting space, the boundary conditions of the flux (electric current) are given as zero.
If the electric potentials of the electrodes are held constant, the calculation is possible to diverge because the increase (or decrease) of the temperature and the joule-heating occur simultaneously due to the temperature-dependency of the electrical conductivity, as mentioned in the previous section. To avoid this problem, the total power input is specified as shown in Table 1 , and the electric potential on each electrode surface at i-th time step is given based on the actual power at the previous time step. 
It is possible to maintain the total power supply at the specified value by adjusting the electric potential on the electrodes at each time step. Figure 5 shows the distributions of the electric current density, temperature and velocity on the vertical mid-plane of the melting space, respectively. Intensive joule-heating areas due to high current density appear around two main electrodes. Consequently, the upper region of the molten glass is kept at around 1200℃. Besides, the high-temperature region expands not only around the electrodes but over the whole of the upper melting space. It is indicated by the velocity distribution that the expanding of the high-temperature region is affected by the mixing effect of natural convection in the upper melting space. On the other hand, the glass at the bottom is almost immobile due to its high viscosity with the low temperature.
Results and Discussion
Relationship between Electric, Thermal and Flow Field
As the bottom-heating proceeds, another high-density area of the electric current appears around the bottom electrode, and the temperature arises in the bottom region. Also, the glass in the same region starts to flow and forms another small circulation of natural convection at the bottom. Since the electric current for the bottom-heating flows between the right main electrode and the bottom electrode in this condition, the current density distribution shows an asymmetrical pattern, in which there is a low-density area on the left side of the bottom region. The temperature distribution, however, is maintained almost symmetrically even during the bottom-heating phase and the melting process is regularly accomplished. It is because the mixing effect of the small circulation of the glass dominates the heat transfer in the bottom region.
It has been clarified that the electric, thermal and flow field in the melter are strongly influenced each other and the melting performance is significantly affected by the natural convections of the molten glass.
Comparison with Experimental Results
To examine the operational characteristics of the CFD model, numerical results have been compared with the experimental data obtained by the actual operation of a prototype glass melter using LSW and HSW. The comparisons of the temperature profiles during one batch are presented in Fig. 6 . The temperatures of the actual melter were measured by thermo-couples installed at three points (Upper Glass, Bottom Glass and Bottom Electrode), as described in Fig. 7 . Note that the thermo-couple at Bottom Glass is located within a metal sheath penetrating refractory, and hence it is not immersed in the molten glass. The temperature at Upper Glass is maintained at almost 1200℃ through a batch with small fluctuation in both cases of LSW and HSW. Bottom Glass is about 900℃ at the beginning of a batch, and arise to 1000℃ with the bottom-heating. As shown in Fig. 3 , the temperature at Bottom Electrode returns to the starting temperature at the end of a batch after arising due to the bottom-heating and diminishing by the forced and natural cooling. In both cases, the numerical analysis can simulate these characteristics of the actual melter. In addition to the thermal characteristics, the electrical response is another important operational index for this glass melter. Figure 8 shows the electrical resistances between two electrodes during a bottom-heating phase. Since the temperature in the upper region of the melting space is held uniformly, the electrical resistance between two main electrodes is also kept constant through a batch. On the other hand, the electric resistance between the main and bottom electrode tends to decrease as the bottom temperature increases due to the bottom-heating. Although the characteristics of the electric resistances are successfully simulated in these calculations, the resistance between the main and the bottom electrode is overestimated compared with the experimental result only under the HSW condition, in which platinum group metals are contained in the glass. These results indicate that the platinum group metals, which have high electrical conductivity (6) , are possible to exist non-uniformly in the melting space and clustered at the bottom of the melter.
Conclusions
(1) It has been clarified that the electric, thermal and flow field in the melter are strongly influenced each other, and it is possible to simulate the complicated phenomena using (2) Although there is the asymmetrical heating in this melter, the temperature of the glass can be kept symmetrically due to the mixing effect by the natural convection of the glass.
(3) The electric resistance between the main and bottom electrode is overestimated under the HSW condition. It is possible that platinum group metals exist non-uniformly in the melting space and affects on the local electrical conductivity.
